Purpose: This study was to evaluate changes of the mechanical loading pattern after anatomic anterior cruciate ligament (ACL) reconstruction by analyzing uptake patterns using combined singlephoton emission computerized tomography and conventional computerized tomography (SPECT/CT). Materials and Methods: On SPECT/CT, high signal intensity of the articular surface which shows biological activity and mean increase of mechanical loading was compared with that of the tibiofemoral shaft as a comparative signal. The proportion of positive signals was evaluated in all compartments of the operated knee. Analysis was performed according to combined injury. Results: A relatively high proportion of positive signals was detected in the posterior zone of the lateral tibial plateau (23.5%) and trochlear groove (23.5%) although increased signal intensity was detected in all compartments. There was no statistical difference depending on the presence of combined injury and between singlebundle and doublebundle ACL reconstruction. Conclusions: Following anatomic ACL reconstruction, higher signal intensity was detected, particularly in the posterior part of the lateral tibial plateau and trochlear groove. Close observation for further signal changes or osteoarthritic changes would be required even if there was no combined injury and anatomic reconstruction was performed.
Introduction
An anterior cruciate ligament (ACL) injury could lead to ar thritic changes due to a cartilage injury, meniscal tear, and the secondary laxity of capsule and ligaments caused by repetitive subluxation of the knee joint. Therefore, it could be assumed that restoration of knee joint stability may decrease the risk of early osteoarthritis. According to a metaanalysis by Ajuied et al. 1) , ACL injury predisposes the knees to osteoarthritis, while ACL re construction surgery contributes to reduction in the 10year risk of developing osteoarthritis. ACL reconstruction using bonepatellar tendonbone auto graft resulted in high patient satisfaction levels and good clinical results after 10 years; however, 17.8% of the patients developed knee osteoarthritis 2) , and the onset of osteoarthritis was observed in over 40% of patients after a mean followup period of 10 years following ACL reconstruction 3) . Several studies have shown that development of osteoarthritis after ACL reconstruction is mainly influenced by concomitant injuries to the meniscus, other ligaments, cartilage, and subchon dral bone. It could also be caused by an abnormal loading pattern after nonanatomic ACL reconstruction 36) . As a result, early detection of the osteoarthritic change could be indirectly performed by observing changes in the mechanical load ing pattern using combined singlephoton emission computerized tomography and conventional computerized tomography (SPECT/ CT) 7, 8) . SPECT/CT is a hybrid imaging modality combining three dimensional (3D) bone scintigraphy (SPECT) and conventional CT into one imaging procedure. It has been used for several years in car diology and neurology, but only recently in orthopedics 710) . SPECT/ CT can correlate the biological activity observed on SPECT with the exact anatomic region observed on CT; therefore, the clinical uses of SPECT/CT are increasing 714) . Use of the signal pattern on SPECT/ CT in the early detection of osteoarthritis has been suggested 7) . However, whether a combined injury could cause a further in crease in the signal intensity and anatomic ACL reconstruction could restore normal mechanical loading pattern is questionable. Therefore, the purpose of this study was to evaluate the mechani cal and biological changes in the knee joint after ACL reconstruc tion by analyzing the SPECT/CT uptake patterns.
Materials and Methods

Materials
From 2006 to 2014, anatomic ACL reconstruction was per formed on 314 patients in our hospital and anatomic tunnel loca tion was confirmed with postoperative CT (Fig. 1) . SPECT/CT was performed in some of these patients postoperatively. Among those, 34 patients (28 males and 6 females) with closed epiphysis who were followed up for a minimum postoperative period of 1 year were included. We wanted to enroll all patients who had undergone ACL reconstruction from 2006 to 2014; however, only 34 patients could be enrolled because we began performing SPECT/CT in 2013. In all cases, SPECT/CT was performed after a postoperative period of 1 year (average, 18 months; range, 12 to 84 months). At the time of surgery, the mean age of the patients was 29.4 years (range, 17.4 to 45.6 years). Informed consent was obtained from all patients before performing SPECT/CT, and this study was approved by the Institutional Review Board of our hospital before commencing the study.
Methods of Uptake Analysis on SPECT/CT
The signals of the articular surface in the medial compartment, lateral compartment, and patellofemoral compartment were eval uated (Fig. 2) . The medial compartment was divided into 4 zones (medial femoral condyle: 2 zones, anterior zone and posterior zone; medial tibial plateau: 2 zones, anterior zone and posterior zone) in the sagittal plane and the lateral compartment was di vided into 4 zones (lateral femoral condyle: 2 zones, anterior zone and posterior zone; lateral tibial plateau: 2 zones, anterior zone and posterior zone) in the sagittal plane. The patellofemoral com partment was divided into 2 zones (patella facet and trochlea) in the axial plane. The signal intensity was compared with the tibio femoral shaft as a comparison group, which showed no signal in all patients. In this comparison, the brighter signal was marked as a positive signal and the same signal intensity as the comparison group was marked as a negative signal (Fig. 3 ). The proportion of positive signals in each compartment of all 34 patients was statis tically evaluated. Signal data were compared between one group with combined meniscal injury (only medial meniscus, 5 out of 34 cases; only lateral meniscus, 6 out of 34 cases) and the other group without combined injury (15 out of 34 cases). In addition, all signal data were also compared between the anatomic single bundle (SB) ACL reconstruction group (16 out of 34 cases) and the anatomic doublebundle (DB) ACL reconstruction group (18 out of 34 cases). The evaluation of signal intensity was performed independently by one orthopedic surgeon and one radiologist who had no association with the surgery performed on the pa tients and the evaluation results were identical between these two observers (Cohen's kappa coefficient, 1).
Statistical Analysis
Statistical analysis of the signal data of each group was per formed using IBM SPSS ver. 22.0 (IBM Corp., Armonk, NY, USA) and each group was compared using chisquare test or Fisher exact test. For statistical analysis of interobserver agree ment, Cohen's kappa coefficient was used.
Results
The results of evaluation by these two observers were in com plete agreement (Cohen's kappa coefficient, 1). There was no statistical difference in the postoperative period of SPECT/CT followup and mean age between the anatomic SB ACL recon struction group and the anatomic DB ACL reconstruction group. The classification of patients according to combined injuries and surgical techniques is shown in Table 1 .
Different signal patterns on the articular surface were detected according to specific compartments. Among these, a relatively high proportion of positive signals was detected in the posterior zone of the lateral tibial plateau (23.5%) and trochlea (23.5%) (Fig.  3C) . However, no positive signals were detected in both posterior zones of the medial femoral condyle (0%) and the anterior zone of the lateral tibial plateau (0%) in all patients (Fig. 4) .
The signal pattern in the posterior zone of the lateral tibial plateau showed no statistical correlation with detection of bone bruise on the preoperative magnetic resonance imaging (MRI) (p=0.613). Twentytwo patients had bone bruises, and 10 patients had no bone bruises in the posterior zone of the lateral tibial plateau on the preoperative MRI, and there was no preoperative MRI in 2 patients. However, these bone bruises had disappeared completely on MRI performed after a postoperative period of minimum 1 year in all 22 patients. Therefore, we confirmed that there was no relationship between the SPECT/CT signal and bone bruise.
There was no statistical difference in signal patterns of all com partments between the group with combined medial or lateral meniscus injury and the group without combined injury (Tables  2 and 3 ).
In addition, there was no statistical difference in signal patterns of all compartments between the anatomic SB ACL reconstruc tion group and the anatomic DB ACL reconstruction group (Table  4) . Values are presented as number (%). 
Discussion
The main results of this study were that (1) a relatively high proportion of the positive signals was detected in the posterior zone of the lateral tibial plateau (23.5%) and trochlear groove (23.5%), although increased signal intensity was detected in all compartments, (2) there was no statistical difference in terms of the presence of combined injury and (3) there was no statistical difference between SB and DB ACL reconstruction.
Anatomic ACL reconstruction is the treatment of choice after complete ACL rupture. However, it cannot completely protect the knees from posttraumatic arthritic changes and can only decrease the progression of posttraumatic arthritic changes to a certain extent. According to a metaanalysis by Ajuied et al. 1) , ACL injury predisposes the knees to osteoarthritis, while ACL reconstruction surgery can be helpful in reducing the risk of developing degen erative changes in a postoperative period of 10 years. Although anterior laxity was found restored during KT1000 arthrometer testing after ACL reconstruction, normal tibiofemoral kinemat ics was not restored especially under weight bearing condition in spite of reduction of sagittal laxity within normal limits 15, 16) . The lack of a functionally normal ACL would change the static and dynamic loading of the knee, leading to secondary injuries of the cartilage and other joint structures. The knee with a reconstructed ACL is not the same as the normal knee and over the course of years after the trauma, the injured knee, whether reconstructed or not, would be subject to an abnormal loading pattern in everyday activities, thus significantly increasing the risk of osteoarthritis 6) . There are two methods of anatomic ACL reconstruction: anatomic SB ACL reconstruction and anatomic DB ACL recon struction. Many studies have reported on differences between the two methods. DB ACL reconstruction may produce better biomechanical outcome, especially under rotator loads 17) . During a minimum 2year followup, DB ACL reconstruction showed better VAS, anterior knee laxity, and final objective IKDC scores than SB ACL reconstruction 18) . Morimoto et al. 19) suggested that changes in the contact area and pressure after SB ACL recon struction might be a cause of osteoarthritis in a longterm follow up; on the other hand, DB ACL reconstruction might reduce the incidence of osteoarthritis by closely restoring the contact area and pressure. However, the subjective and objective clinical scores showed no statistical difference between the two methods despite the significant improvement in anterior and rotational stability after DB ACL reconstruction 20) . DB ACL reconstruction is technically more complex and timeconsuming than SB ACL reconstruction, thus it is questionable whether DB ACL recon struction is required to restore a normal pivotshift sign 21) . There were no significant differences in terms of complications and the clinical outcomes between the two procedures, although postop erative anterior and rotational stability after anatomic DB ACL reconstruction was significantly better than that after SB ACL reconstruction 22) . In this study, we confirmed that there was no statistical differ ence in signal patterns between the anatomic SB ACL recon struction group and the anatomic DB ACL reconstruction group on SPECT/CT, meaning that there were no differences between the two reconstruction methods with regard to prevention of osteoarthritis. The clinical uses of SPECT/CT have recently in creased because it can correlate the biological activity observed on SPECT with the exact anatomic region observed on CT 714) . However, although SPECT/CT has recently proven useful as a diagnostic tool in orthopedics, the clinical adoption has been limited due to shortcomings of available analytical tools. SPECT analyses are mainly qualitative due to variation in the overall metabolic uptake among patients and most analyses are performed in 2D, despite the availability of rich 3D data. Con sequently, quantitative comparison of the position, size, and in tensity of SPECT uptake regions among patients is difficult, and therefore drawing meaningful clinical conclusions is difficult 9) . In this study, using statistical analysis, we were able to confirm that the signal of specific compartments on SPECT/CT after ACL reconstruction increased significantly in the postoperative period of minimum 1 year. Although we did not compare with a control group with uninjured ACL, based on the mechanical loading pat tern of the knee joint after ACL reconstruction, it appeared that degenerative osteoarthritis would progress even after anatomic ACL reconstruction because of the increased mechanical loading of specific compartments.
The limitations of this preliminary study were as follows: first, uptake signal on SPECT/CT was not analyzed quantitatively but only qualitatively. Second, because we had no data on patients in a control group who had undergone a conservative treatment we could not confirm that the increased signal pattern was a result of ACL injury or iatrogenic change by surgery. Third, preopera tive SPECT/CT image scanning was not performed, thus we could not perform a comparison between the preoperative state and postoperative state. In addition, relationship of the results obtained by SPECT/CT with those obtained using other radio logical methods and actual demonstration of degenerative osteo arthritis should be confirmed by longterm followup. Finally, in this study, we did not consider individual patientassociated variables such as the extent of initial injury, physical activity lev els, muscle strength, body mass index, rehabilitation for a post operative period of 1 year, and return to sports activity. However, the most important limitation was that the number of patients was insufficient, thus we could only conduct a preliminary study. Based on this preliminary study, inclusion of an adequate num ber of cases and performance of a power analysis for calculation of sample size would be required in future studies.
Conclusions
Following anatomic ACL reconstruction, higher signal intensity was detected, particularly in the posterior part of the lateral tibial plateau and trochlear groove, which means that biological activ ity increases and osteoarthritis is more likely to occur in these regions. There was no difference according to the presence of combined injury and between SB and DB ACL reconstruction. Therefore, close observation would be required to determine whether further signal changes or osteoarthritic changes will occur even if there was no combined injury and anatomic recon struction was performed.
